An application of electrothermal feedback for high resolution cryogenic
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A novel type of superconducting transition edge sensor is proposed. In this sensor, the temperature
of a superconducting film is held constant by feeding back to its position on the resistive transition
edge. Energy deposited in the film is measured by a reduction in the feedback Joule heating. This
mode of operation should lead to substantial improvements in resolution, linearity, dynamic range,
and count rate. Fundamental resolution limits are beld#®= VkT°C, which is sometimes
incorrectly referred to as the thermodynamic limit. This performance is better than any existing
technology operating at the same temperature, count rate, and absorber heat capacity. Applications
include high resolution x-ray spectrometry, dark matter searches, and neutrino detecti®950©
American Institute of Physics.

Superconducting transition edge sensors suffer fronequilibrium temperature, the return to equilibrium is de-
limitations due to film nonuniformity, transition nonlinearity, scribed by
and limited dynamic range. In electrical circuits, analogous
S h : . dAT Poa
limitations are often avoided by using feedback techniques. ¢ —— = AT—gAT, (1)
This scheme can be used with superconducting transition dt T

edge sensors by using feedback to hold the temperature gfhere the first term on the right-hand side is the effect of
the film constant. The feedback signal is the required hedleduced Joule heating, and the last term is the effect of in-
Input. _ _ creased heat flow to the substrate. The thermal conductance
Joule heating can be used to provide such feedbacI@:dp/dT:nKTn—{ a=(T/R)(dR/dT), a unitless mea-
When a superconducting film is voltage biased and the subsyre of the sharpness of the superconducting transition, and
strate is cooled to well below the transition temperature, theo is the equilibrium Joule power. When the substrate tem-

film can be made to self-regulate in temperature within itsperature is much colder than the filfdg=KT"=gT/n, and

transition. As the film cools, its resistance drops towardshe pulse recovery time constant is seen to be
zero, and the Joule heating increases. A stable equilibrium is
established when Joule heating matches the heat loss into the _ T ©

substrate. The feedback signal is the change in Joule power " 1+a/n’

Lnu:?:n]:lm' the product of the bias voltage, and the measuregvherer(): C/g is the intrinsic time constant of the filifthe

i . ulse recovery time constant in the absence of Joule heat-
It has been noted that when films are voltage biase

: 3 g " ng).
pulse duration can be shortend. If film transitions are Extremely lowT, superconducting films can be fabri-

sharp and the substrate is cooled to well below the transitiogateol witha as high as 1006 Thus, electrothermal feedback
of the film, this effect should be quite large. can shorten pulse duration by two orders of magnitude. Un-

We model the detector as a film of heat capaditgon- o thege conditions, major simplifications are possible in
nected to a substrate at a constant temperdtyrd he tem- interpreting detector pulses.

perature of the film is determined by the Joule heating and  \yhen the pulse duration is much shorter than the intrin-

the heat loss to the substrate. The heat loss to the substralg time constant. the detector is operating in a mode where
n . . 1

goes asK(T"—T), whereK is a material and geometry he pylse energy is removed by a reduction in Joule heating,

dependent parameter ands a number whose value depends jnstead of an increased heat flow to the substrate. Thus, the

on the dominant thermal impedance between the substraigergy deposited in the film is simply the integral of the
and the electrons in the superconducting film. This thermagnange in the Joule power

impedance is set at higher temperatures and in thicker films

by the Kapitza boundary resistance between the film and the

substrate. For thinner films, and at lower temperatures, the

electron-phonon decoupling in the film dominates. If the ETF-TES
Kapitza resistance dominatesjs 4. If electron-phonon de-

coupling in the film dominates) is either 5 or 6, depending E} _T v
SQUID

on the theory and the temperature range.
When an event heats the film a small amount above the

3E|ectronic mail: irwin@leland.stanford.edu FIG. 1. Instrumentation of the ETF-TES.
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V2=4kTR,. The phonon noise isP2=2kT?g, since

E:f AP e dt=Vo f Al dt. (3 T0<T". The SQUID signal is Al=A(V/R)=AVIR

—loaATI/T,. After some computation, we arrive at the noise

This observation leads to a simplification in pulse analy-current spectral density
sis. Nonuniformities in the film properties and nonlinearities
in the resistive transition will effect the pulse shape, but not ~ , 4kT n?/a®+ w?t% 4KT n/2
the pulse integral. In addition, the dynamic range is im- "~ Ry 1+ w272, +R_0 1+ w?rs ©
proved. If an energetic event drives the film completely nor-
mal, the total energy is still measured. The saturation causddere, the first term is the Johnson noise. It is seen that the
the pulses to lengthen, but energy loss is small as long as tidectrothermal feedback suppresses the Johnson noise for
pulse duration is still much smaller thag. frequencies short compared tord{, an effect first noted by

This technique allows a direct measurement of energ)p/lather.1 The second term is the phonon noise, which rolls
collection efficiency. The energy is simply the voltage biasoff at high frequencies. It should be noted that the tempera-
multiplied by the integral of the current change. Since therdure in this equation is the temperature of the film, not the
is no proportionality constant, this measurement has no freéemperature of the substrate. The substrate need not be very
parameters, and can be compared directly to the incideriuch colder than the film, however, before most of the pulse
energy. shortening occurs.

In its simplest form, the electrothermal feedback transi- ~ When the optimal filter is applied to an exponential
tion edge sensofETF-TES is a superconducting film on a Pulse in the presence of this noise spectrum, the fundamental
silicon substrate. The film is voltage biased, and the currenfiesolution limit is calculated to be
is measured with a SQUILFig. 1).

The inductance of the SQUID input coil sets a practical AErwhm=2.36AE ms=2.36V4kT°C(1/a)\n/2. (6)

lower limit on the pulse duration. Thi/R ime constant Thus, ETF-TES detectors might ultimately have resolu-
(from the SQUID input coil inductance and the resistance of;,q pejow what is erroneously called the thermodynamic

the film) must be kept short compared to the effective pulsqimit (AE= m) by a factor of~ 2/\/;_ This resolution is

duration. If this is not done, resonant oscillations can OCCULt the same order as the ultimate resolution limit obtainable

Wh'Ch involve Fhe eIectrpt_hermaI fggdback and the S_QU|Din principle with superconducting transition edge sensors of
inductance. This effect limits the minimum pulse duration to

. . - “the samex operated in a conventionahonfeedbackmode,
~1 us. Thus, to operate deep in the feedback regime, intrin P a X

ic ti tant ¢ be at least The bandwidth of but there is a significant difference in rate.
sic time constants must be at leas 428 The ban Iwidth o It has been observed that conventional superconducting
the SQUID need not further limit the pulse duration, as 175tran

. . . sition edge sensors encounter an important limi &s
MHz bandwidths have been achieved with dc SQUID. g . . b .
arrays® increased. To get resolutions that improve as\I/, the sig-

In order to achieve intrinsic time constants on the 180 nal bandwidth must be increased linearly with The opti-

time scale, the film transition must be below about 100 mK.maI filter must be able to use frequencies well pastihel/

; : . 7o knee in the signal. When the bandwidth encounters the
Superconducting tungsten films have been deposited wit Ime required to thermalize the energy of an event, however
transitions near 70 mK, and withas high as 1008 Intrinsic d 9y ' '

. : . resolution can be improved no further unless the detector is
time constants for these films were experimentally found tg

be above 10Qus made slower.
The energy resolution of an ETF-TES is ultimately lim- When a sensor is run in the extreme feedback mode, this

: . . . limit is not encountered. Most of th nsitivity is at frequen-
ited by thermodynamic energy fluctuations in the detector s not encountered. Most of the sensitivity is at freque

(phonon noisg and the Johnson noise of the film. TheseCies below .thew:l/Teﬁ knee, Reso!utions still improve as 1./
limitations have been analyzed for other devitétere we \/Z even if the detector speed is near the thermalization

extend this analysis to the extreme feedback regime of outllhn;i' -(l:—gr?\r/?;otgghgl-rd':;:zcisd2\1‘”Z(iar?]i:g?yrgseongﬁsml\ﬁ?hf?ﬁteer
transition-edge sensors, leading to an important improve- ) . '
ment same electronics bandwidth.

The detector is modeled as a heat capaCisttached to ; Note, tthatt_lf fllr?tgor;_llmlfgrm[{tlels, tran3|t|ontnor|1l|near|-
a substrate. The power flow equation is 'es, or safuration ot the Tim due 1o 1arge current pu'ses cause
significant differences in the pulse shape, it is difficult to
dT V2 apply the optimal filter. Large current pulses might also af-
Cai~ W—K(T”—TL‘H P(t), (4)  fect the order parameter, changing the transition shape. The
optimal-filter resolution calculated above is not strictly appli-
whereP(t) is the power flow from the substrate due to pho-cable in these cases. Fortunately, unlike conventional transi-
non noise. If we consider small signals and look at one Foution edge sensors, most of the information in an ETF-TES is
rier component, we find thafl ,=(I,V,+P,)/(Pya/Ty  contained in frequencies below=1/7., so good results
+iwC). The term proportional to the Johnson noise voltageshould be obtainable with nonoptimal filtering techniques.
V,, describes the interaction of the Johnson noise with the The high resolution and high count rate of ETF-TES
electrothermal feedbacle,, is the phonon noise associated sensors suggest their use as high resolution x-ray detectors.
with g. We have usedT<aPy, which is valid in our feed- In this application, it is desirable to make the film heat ca-
back limit. The power spectrum of the Johnson noise igacity large enough so that the highest expected incident
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energy drives the film through about one tenth of a transitiorover a very large area via quasiparticle trapping from alumi-
width. As long asre< 7o, energy depositions exceeding this num pads. Variations in film properties are unimportant as
condition will still be correctly measured, but the pulse du-each segment would self-bias near the center of its transition.
ration will begin to lengthen. For a tungsten film with a 70 An ETF-TES phonon-mediated particle detector effort is cur-
mK transition, and heat capacity chosen sd thé keV x-ray  rently under way’
drives it through one tenth of a transition width, the funda-  In summary, the ETF-TES provides important advan-
mental limit on energy resolution is less than 1.2 eV FWHM.tages. By operating in a feedback mode, it reduces nonlin-
If the film has «=1000 when biased at one tenth of the earities and nonuniformities, and has fundamental resolution
normal resistance, this heat capacity corresponds to an arémitations lower than any existing technology operating at
of about 1 mnx1 mm, and a thickness of @dm, enough to the same temperature, count rate, and absorber heat capacity.
absorb~50% of incident 6 keV x rays. Practical limitations, including flux flow noise on the transi-

If a larger absorber volume is desired, a low heat capaction edge, and statistical variations in incident energy ther-
ity semimetal such as bismuth can be thermally connected tmalization, have yet to be determined.
the superconducting film, and used as an absdrBesmuth The author thanks Blas Cabrera for useful discussions,
dimensions of 2umXx1.6 cmx1.6 cm would also absorb and J. M. Martinis and D. McCammon for suggestions about
~50% of incident 6 keV x rays, while limiting temperature the noise calculations. This work was supported in part by
excursions to one tenth of the transition width. DOE Grant No. DE-FG03-90ER40569.
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